Human epidermoid tumor A431 cells underwent apoptosis following exposure to ultraviolet C (UVC). The apoptosis was of the interphase death type, and mostly occurred within one cell cycle, independent of the cell-cycle phases. We further examined the detailed sequential order of apoptotic changes in cells after UVC exposure and the involvement of caspases using six caspase inhibitors. The loss of mitochondrial transmembrane potential (∆Ψm) appeared in the earliest phase; subsequently, the chromatin condensation and DNA-fragmentation occurred. Cell shrinkage and loss of the plasma-membrane integrity, judged by propidium iodide (PI) staining, were observed in the later phase. A broad-spectrum caspase inhibitor, Z-VAD-fmk, completely prevented all apoptotic changes, except for the depletion of ∆Ψm. Both Ac-DEVD-CHO and Ac-IETD-CHO, inhibitors of caspase -3 and -8, respectively, effectively inhibited typical chromatin condensation to almost the same extent. However, the nuclei still showed partial condensation. A caspase -9 inhibitor, Ac-LEHD-CHO, did not prevent chromatin condensation, though it partially inhibited cell-size reduction and PI-stainability. None of the caspase inhibitors could inhibit the ∆Ψm reduction. These results strongly suggest that the collapse of ∆Ψm is not a part of the central apoptotic machinery, and that caspase cascade(s), especially caspase-8 to -3, play an important role in UVC-induced apoptosis in A431.
INTRODUCTION
Apoptosis is induced by a wide variety of stresses, including ultraviolet light (UV) and ionizing radiation [1] [2] [3] . UV induces apoptosis in various cell types, including normal and malignant epithelial cells [1] [2] [3] [4] [5] . UVB (290 -320 nm) and UVC (200 -290 nm), especially UVC, induce mainly DNA damage, coupled with p53 phosphorylation, resulting in its accumulation in the nucleus and a subsequent induction of apoptosis, or G 1 arrest 6, 7) . Mutations of p53 frequently accompany the depletion of p53 activation and a reduction of tumor cell apoptosis. However, mutations do not inevitably lead to the inhibition of apoptosis. UVB could indeed trigger apoptosis in p53-mutated or -depleted epithelioid cells 4, 5, 8) .
Cells undergoing apoptosis display a number of characteristic biochemical and morphological changes, such as chromatin condensation, DNA cleavage, loss of mitochondrial membrane potential (∆Ψm) and cell shrinkage. The sequence of such apoptotic events varies significantly from one cell type to another depending on the cell type as well as apoptotic stimuli [8] [9] [10] [11] . For a long time, DNA has been regarded as the only molecular cellular target for UVB and UVC. However, evidence is accumulating that UV can also affect cytoplasmic and membrane structures 12) . The activation of caspases plays a pivotal role in the execution phases of apoptosis. Recent advances in caspase research have greatly enhanced our knowledge concerning the implications of caspase cascades in apoptosis induced by various stimuli 13, 14) . Caspases are normally present in cells as proenzymes that require limited proteolysis for the activation of enzymatic activity. They are currently divided into two classes: activator and effector. The former includes caspase-8, -9 and -10, whereas the latter includes caspase-3, -6 and -7. Activator caspases propagate the apoptotic signal by the proteolytic activation of effector caspases. The activation of several caspases occurs sequentially. Such sequential activation events are, therefore, called a caspase cascade. The activated effector caspases then execute the final cell death program through the degradation of vital proteins. Studies on the molecular regulation of caspase activation have revealed that mitochondria and mitochondrion-derived factors are responsible for coordinating the events 15, 16) . Two main caspase cascades have been delineated in mammalian cells. The first one links caspase-8 to death receptors, such as Fas and TNFR1, expressed at the cell surface. Several observations have suggested a role of Fas/FasL and TNFR in the pathways in response to DNA damage in various cells [17] [18] [19] [20] . In the second pathway, procaspase-9 is activated by a wide variety of death stimuli, including DNA damaging agents. The release of cytochrome c from mitochondria plays a crucial role in the activation 15) . Both active caspase-8 and caspase-9 can cleave and activate an overlapping set of effector caspases, including caspase-3, -6 and -7.
A panel of peptide inhibitors, specific for each caspase, has been utilized for investigating the involvement of caspase(s) in particular apoptotic processes 1, 5, 8, 10, 11, 21) . Iwasaki et al reported the rapid development of apoptosis in p53-mutated A431 cells following UVB exposure and the inhibition of apoptosis by caspase-1 and -3 inhibitors 5) . For UVC-induced apoptosis, however, the involvement of individual activator and/or effector caspases and their exact order within the apoptotic cascade remains obscure.
In the present study, we investigated the sequential order of apoptotic events, such as chromatin condensation, ∆Ψm and dye uptake, in UVC-irradiated A431 cells. In addition, we explored the cell-cycle dependency of apoptosis and the effects of specific caspase inhibitors in order to define the caspase cascade specific to UVC-induced apoptosis in A431 cells.
MATERIALS AND METHODS

Reagents
All biochemicals were purchased from Sigma chemicals unless otherwise specified. Hoechst 33342 was dissolved in distilled water to give a final concentration of 1.0 µM. 3,3' dihexyloxacarbocyanine iodide (DiOC 6 (3)) was purchased from Molecular Probes, Inc., (Eugene, OR, USA). Caspase inhibitors were obtained from Peptide Institute Inc. (Osaka, Japan) and dissolved in DMSO.
Cell culture
An A431 cell line was obtained from Health Science Research Resources (Osaka, Japan). A431 cells bear a mutated p53 gene. Cells were grown in Dulbecco's modified Eagle's medium (Nissui Seiyaku, Tokyo, Japan) supplemented with 10% fetal bovine serum (CSL, Australia) inactivated at 55°C, 30 min, 4 mM L-glutamine, glucose (4.5 g/L), NaHCO 3 , 50 units/ml penicillin and 50 µg/ml streptomycin (Gibco-BRL, USA) in a humidified atmosphere containing 5% CO 2 at 37°C.
The cells were seeded at 2 × 10 5 cells per dish in a 60 mm-culture dish in the growth medium and subcultured when grown to 80% confluence using 0.25% trypsin (Gibco-BRL, USA). When grown to 50% confluence, cells were treated with different doses of UVC radiation. Inhibitors of caspases were added to the incubation medium 2 h before UVC-irradiation to give a final concentration of 100 µM.
UVC-irradiation and dosimetry
A UV light source was a germicidal lamp (Model UVG-54, Ultra-Violet Products), emitting UVC with the peak at 254 nm. The fluence rate was 0.5 W/m 2 , as determined by a UV digital radiometer (Model UVX Digital Radiometer, Ultra-Violet Products) with a Model UVX-25 sensor 22) . Irradiation was performed at least 2 h after seeding when cells were well attached. The DMEM was removed and cells were washed once with PBS (-) before irradiation with various doses of UVC ranging from 0 to 50 J/m 2 .
Determination of apoptotic chromatin condensation
Apoptotic chromatin condensation induced by UVC was identified and quantitated by fluorescent microscopy after being stained with Hoechst 33342, as previously described 23) .
The number of cells with chromatin condensation was scored as apoptotic cells. Three or more randomly selected areas were observed for each sample, and 200 or more cells were examined to determine the fraction of cells with chromatin condensation.
Flow cytometric analysis -Analysis of Sub G 1 population and cell cycle phases
Apoptotic cells with DNA fragmentation were determined by flow cytometry after the extraction of DNA fragments according to a method of Cock et al 24) using a flow cytometer, Epics XL (Couler, Hialeah, Fa). After being lysed in 0.1% sodium citrate and 0.1% Triton X-100, and stained with propidium iodide (PI: 50 µg/ml), cells with DNA fragmentation were identified as a sub-G 1 fraction of cells with lower DNA content. A cell-cycle phase analysis was performed using a ModFit program (Becton Dickinson, San Jose, CA, USA).
Flow cytometric analysis-Mitochondrial transmembrane potential (∆Ψm) and dye uptake
The ∆Ψm was evaluated by staining cells with (DiOC 6 (3)), a fluorochrome incorporated into cells dependent on their ∆Ψm, according to the method described by Zamzami et al 25) . Briefly, after being stained for 10 min at 37°C with 40 nM of DiOC 6 (3), the cells were subsequently stained with PI (10 µg/ml PBS) to evaluate dye uptake (plasma membrane integrity). Live or early apoptotic cells exclude PI, while necrotic or late apoptotic cells were stained with PI. The analysis was performed by flow cytometry using an Epics XL. Fl-1 and Fl-4 emissions were detected for DiOC 6 (3) and PI staining, respectively. The cell population with distinctly lower FSC and higher SSC was judged as shrunken cells.
RESULTS
Time-and dose-dependent induction of apoptosis in A431 cells following UVC exposure
The number of cells detached from the dish increased with increasing UV dose and time Based on the present findings, together with the fact that the doubling time of A431 cells was approximately 12 h, we concluded that the UVC-induced apoptosis in A431 occurred within one cell cycle before mitosis and was, therefore, mainly of the interphase death type.
Increase in sub-G 1 cells after UVC-exposure independent of cell cycle phases
Several lines of evidence indicate that the intrinsic sensitivity of cells to DNA damaging agents is a function of the position in the cell cycle. The effects of UVC exposure on cellcycle progression and apoptotic DNA fragmentation in A431 were analyzed by flow cytometry. As shown in The closed diamonds with a solid-dotted mixed line represent the sub-G 1 (apoptotic) fraction; the closed circles with a solid line, the G 1 fraction; the closed squares with a broken line, the S fraction; the closed triangles with a dotted line, the G 2 /M fraction.
sensitivity of A431 cells does not vary substantially as a function of the cell-cycle phase, provided that asynchronized cells are used.
Early loss in ∆Ψm precedes cell shrinkage and dye uptake in UVC-induced apoptosis
Recent studies have suggested that mitochondria are involved in initiating the active phase of apoptosis 15, 16) . A decrease in the mitochondrial transmembrane potential, ∆Ψm, is reported to function as an early signal for apoptosis in most kinds of apoptosis 26) . The relationship between the onset of ∆Ψm loss and UV-induced apoptosis progression is not fully clarified. It is, therefore, of interest to measure ∆Ψm in parallel with other cell death markers during the course of apoptosis. Simultaneously, we measured PI staining to identify cell death with loss of structural integrity of the plasma membrane. Representative dot plots of DiOC 6 (3)-and PI-staining are shown in Fig. 4A . Double staining of cells with DiOC 6 (3) and PI made it possible to relate changes in the plasma membrane potential to a distinct stage of apoptosis. Control cells were comprised of highly DiOC 6 (3)-stained and low PI-stained cells, reflecting the intact mitochondrial membrane potential and plasma membrane permeability. In contrast, 12 h after exposure, about 80% of the cells showed discretely lower DiOC 6 (3) staining, and 50% of the cells had distinctly higher PI staining. An analysis of the forward scatter (FSC) and side scatter (SSC) dot plot revealed the existence of a discretely lower FSC and higher SSC population, namely, a shrunken cell-or apoptotic body-population, in the irradiated cell population (Fig. 4A) . Figure 4B shows time-dependent changes in PI high, ∆Ψm low and shrunken cells after exposure to 20 J/m 2 UVC. The cells with reduced ∆Ψm emerged as early as 2 h and increased progressively with time, reaching to 80% by 12 h. Therefore, impairment of ∆Ψm is the first identifiable change at the onset of the UVC-induced apoptosis in A431 cells. The chromatin condensation and DNA fragmentation mentioned above appeared later, at around 4 h. Measurements of the alterations of ∆Ψm and the plasma membrane permeability by simultaneous dual-color staining revealed that cells with reduced fluorescence DiOC 6 (3) concomitantly admitted an increasing amount of PI. The impairment of membrane permeability (PI staining) and cell shrinkage, detected as lower FSC and higher SSC populations, appeared almost simultaneously in the late stage of apoptosis, at around 8 h. Dose-dependent increases in DiOC 6 (3) low, PI high and shrunken cells were observed (data not shown). These results clearly indicate the sequence of events within the UV-induced apoptosis in A431 cells. It begins with the reduction of ∆Ψm during the earliest phase, followed by the appearance of chromatin condensation and DNA fragmentation, and the final precipitous cell death with the impairment of integrity in membrane permeability and cell shrinkage.
Inhibition of UVC-induced apoptotic changes by caspase inhibitors
To clarify the caspase cascade involved in UVC-induced apoptosis in A431, we examined the effect of 6 caspase inhibitors on the apoptotic events mentioned above. As shown in Fig. 5 , the incubation of A431 cells with Z-VAD-fmk, a peptide caspase inhibitor with broad specificity, almost completely inhibited all of the characteristic apoptotic changes, except for ∆Ψm. A caspase-1 inhibitor, Ac-YVAD-CHO, had no preventive effect. A caspase-3/7 inhibitor, Ac-DEVD-CHO, considerably inhibited apoptosis, but was less effective compared with Z-VAD-fmk.
These data suggest that caspase(s) other than caspase-1 is involved in apoptosis. Therefore, we further examined 2 inhibitors of activator caspases, namely, Ac-IETD-CHO, a caspase-8/6 inhibitor, and Ac-LEHD-CHO, a caspase-9 inhibitor. The former inhibited chromatin condensation effectively almost comparable to the inhibitor of caspase-3. However, it only partially inhibited the cell death detected by PI staining and cell shrinkage. Although both inhibitors suppressed PI staining and cell shrinkage, almost to the same extent, the caspase-9 inhibitor could not prevent chromatin condensation. Because Ac-IETD-CHO was also known to inhibit caspase-6, we further examined the effect of a specific inhibitor of caspase-6 (Ac-VEID-CHO) to clarify whether or not caspase-6 participated in the apoptotic process. As shown in Fig. 5 , the inhibitor of caspase-6 did not prevent all of the apoptotic changes. Therefore, the possibility of the involvement of caspase-6 in the apoptotic processes could be excluded.
These data demonstrate an important role of capsase-3/7 and caspase-8 cascade for UVC-induced apoptosis in A431 cells. Furthermore, the data suggest that caspase-9 cascade seems to be less important, though it may contribute to some extent. We described above that caspase-3/7 and -8/6 inhibitors inhibited chromatin condensation. A careful observation revealed, however, that the chromatin in the exposed cells exhibited the intermediate-type chromatin condensation without nuclear fragmentation after a treatment with the caspase-3 or -8 inhibitor (Figs. 6A and 6B) . The intermediate-type condensation can be easily distinguished from typical chromatin condensation by the absence of nuclear fragmentation, although distinction between the normal and intermediate type was difficult. A preliminary observation using an arbitrary classification for the condensation types revealed that most of the potentially apoptotic nuclear condensation was partially inhibited by caspase-3 and -8 inhibitors (Fig. 6C) . On the other hand, chromatin condensation was completely prevented by a treatment with pan-caspase inhibitor, Z-VAD-fmk. Taken together, the data suggest that, in addition to caspase-3/7 or -8/6, other caspase(s) might be involved in the typical chromatin condensation with nuclear fragmentation.
None of these five inhibitors could completely prevent the UVC-induced impairment of ∆Ψm. Z-VAD-fmk, however, inhibited the depletion of ∆Ψm, partially to an intermediate level, as shown in Fig. 7A . Figure 7B shows that the percentages of cells having low and intermediate ∆Ψm did not decrease after the treatment of caspase inhibitors. These data suggest that, even though reduction in ∆Ψm occurred at an earlier stage following UVC-exposure, it may not play a central role for the development of apoptotic cell death in A431 cells.
Ineffectiveness of the protectors of ∆Ψm reduction
To substantiate our finding that apoptosis can proceed without a decrease in ∆Ψm, we examined effect of cyclosporin A and bongkrekic acid on apoptosis. It has been postulated that cyclosporin A inhibits the mitochondrial megachannel, which is also called the permeability transition (PT) pore, and that bongkrekic acid inhibits the disruption of ∆Ψm and apoptosis through the action on another putative constituent of megachannel, adenine nucleotide translocator 16) . Opening of the pore has dramatic consequences on the mitochondrial physiology, including ∆Ψm. As shown in Fig. 8 , cyclosporine A at concentrations from 1 to 50 µM (data not shown) could not inhibit apoptotic chromatin condensation. It also did not inhibit the reduction of ∆Ψm (data not shown). The addition of bongkrekic acid had no preventive effect on the induction of apoptotic chromatin condensation in cells exposed to 20 J/m 2 ( Fig. 8) .
These results support the dispensability of the disruption of ∆Ψm for UVC induced apoptosis.
DISCUSSION
The results of our present study showed sequential characteristic changes of apoptosis in p53-mutated A431 cells after UVC exposure and the involvement of caspases for the apoptotic processes.
UVC-induced apoptosis is independent of the cell cycle phases
DNA-damaging agents including UVB and UVC are known to stabilize the p53 protein, which then functions as a cell-cycle checkpoint by leading to growth arrest or apoptosis 6) . The present study using p53-mutated A431 cells revealed that only a minor change in the cellcycle phase took place after UVC-exposure. A similar independence of UVC-induced apoptosis from the cell cycle was reported for OCP13, a Medaka cell line 3) . Wang et al reported that UVC, unlike X-rays, caused the down-regulation of a cell-cycle inhibitor, p21, in human cancer cells independently of p53 27) . They also observed significant dose-dependent changes in the cell-cycle kinetics in UVC-treated mutant p53 cells, despite a decrease in p21. Inconsistent with this result, p21 expression in fibroblast cell lines was transcriptionally activated by UVC in a p53-independent manner 28) . Thus, the mechanisms of apoptosis must vary depending on cell lines different from each other in p53 mutation.
Roles of mitochondrial disfunction
The activation of apoptotic execution is suggested to be associated with the loss of mitochondrial transmembrane potential resulting from the formation of a permeability transition (PT) pore. Cytochrome c and procaspases-3, -9 etc. have been shown to release from mitochondria prior to apoptotic execution 16) . ∆Ψm has been known to be one of the earliest universal changes in apoptosis. This has led to the proposal that mitochondrial depolarization represents a central irreversible checkpoint in the apoptotic program. Recent data suggest, however, that the collapse of ∆Ψm is not always an early marker for apoptosis 9) . It occurs in the late phase, and is not a part of the central apoptotic machinery in HL60 29) . In the present study, depletion of ∆Ψm indeed appeared during the earliest phase of apoptosis in UVC-induced apoptosis in A431. Experiments using caspase inhibitors (Figs. 5, 6 and 8) suggest, however, that ∆Ψm disruption is dispensable for the central apoptotic machinery. This is further supported by the findings that 2 inhibitors (cyclosporine A and bongkrekic acid) known to protect of mitochondrial ∆Ψm could not protect against apoptosis (Fig. 8) . Dose-and time-dependent depletion of ∆Ψm took place in Jurkat T cells after UVA1 (340-400 nm) exposure 2) . Cyclosporine A prevented UVA1-triggered immediate apoptosis, but did not block the immediate depolarization of micochondrial membranes. In transformed lymphocytes, UVA1 radiation primarily mediates singlet-oxygen damage triggering immediate apoptosis (T < 20 min) by immediately opening the cyclosporine A-sensitive mitochondrial megapore, while superoxide anions initiate another cyclosporine A-insensitive final apoptotic pathway 30) . Thus, the extent of the involvement of mitochondrial change in apoptosis considerably varies depending on the triggers of apoptosis as well as on the cell lines.
Involvement of caspase cascade
Iwasaki et al reported the involvement of caspase-1 and -3 in UVB induced apoptosis in A431 cells. The sequential activation of caspase-8, -3 and -1 also in UVB 8) and in radiationinduced apoptosis has been reported. In the present study we examined 6 caspase inhibitors on 5 apoptotic changes (Fig. 5) . The results confirmed a pivotal role of caspases and clearly demonstrated that a caspase cascade involving caspases-8 and -3 is the main pathway working in UVC-induced apoptosis in A431. It is of interest to note that the caspase-8 inhibitor suppressed chromatin condensation to almost comparable extent with that shown by the caspase-3 inhibitor, though it inhibited PIstaining and cell shrinkage only partially. The results indicate that caspase-8 plays at least some roles as an upstream activator caspase. The possibility remained that caspase-8/6 inhibitor, Ac-IETD-CHO, exerted its effect through the inhibition of caspase-6. This was denied, however, by an experiment using caspase-6 inhibitor (Ac-VEID-CHO) (Fig. 5) . The direct activation of Fas, an upstream component of the caspase-8 cascade, was shown to mediate UV-induced apoptosis in the human keratinocyte cell line: HaCaT, MCF7 and BJAB 18, 31) . It was also reported that DNA damaging agents including UV induce the expression of the Fas ligand and subsequent apoptosis in T lymphocytes via the activation of NF-κB and AP-1 32) . UV was also known to stimulate the aggregation-mediated activation of TNFR1, which was coupled with an activation of caspase-8, although another genotoxic agent, such as ionizing radiation, cisplatin and melphalaan, induced apoptosis without TNFR aggregation. These findings suggest that the signaling for UV-induced apoptosis was different from those for apoptosis induced by other agents, and that UV induced the direct aggregation of the TNFR receptor 20) . The involvement of Fas expression and TNF in the activation of caspase-8 in A431 is now under investigation.
The role of the caspase-9 cascade in the apoptosis in A431 remains to be examined. The inhibitor of caspase-9 partially suppressed cell shrinkage and cell death to almost a comparable extent to that induced by the caspase-8 inhibitor. Unlike the caspase-8 inhibitor, however, it could not inhibit chromatin condensation. Cytochrome c, an essential component for caspase-9 activation, must be released from mitochondria. Bossy-Wetzel et al observed that cytochrome c released from mitochondria independently of mitochondrial transmembrane depolarization in T lymphoblastoid cell line, CEM, after exposure to UVB 33) . Moreover, they also reported that a caspase inhibitor, z-VAD-fmk, effectively blocked the reduction in ∆Ψm, but failed to block the release of cytochrome c. Cytochrome c passed through the outer mitochondrial membrane in the earlier phase after X-ray irradiation and ∆Ψm reduction in cellular and isolated mitochondria occurred during a late phase after a considerable loss of cytochrome c 32) . In addition to the caspase-8 and -3/7 cascade, which can be partly involved in the mechanism underlying the UVC-induced apoptosis in A431, other unknown caspase cascade(s) must operate, since the caspase-8 inhibitor could only partially inhibited apoptotic events, while a pan caspase inhibitor, z-VAD-fmk, almost completely inhibited these events. Further studies are needed to clarify the caspase cascades completely.
Roles of caspases in the execution phase
Hirata et al suggested that caspase-6 and -3 play major roles in nuclear apoptosis 21) . Caspase-6 cleaves nuclear mitotic apparatus protein (nuclear matrix protein) and mediates the shrinkage and fragmentation of nuclei. Caspase-3 cleaves nuclear matrix protein at sites different from those cleaved by caspase-6 and mediate DNA fragmentation and chromatin condensation. Caspase(s) distinct from caspase-3 or -6 mediates the disruption of the mitochondrial membrane potential and the shrinkage of cytoplasm.
Chromatin condensation was completely prevented by a treatment with a pan-caspase inhibitor, Z-VAD-fmk, but most of the potentially apoptotic nuclear condensation was par-tially inhibited by caspase-3 and -8 inhibitors (Fig. 6C) . These findings strongly suggest the participation of additional caspase(s), other than caspase-3, for complete chromatin condensation. Recently, Sahara et al found Acinus, a new nuclear factor, which induced apoptotic chromatin condensation after cleavage by caspase-3 34) . They propose that additional protease(s)
are required for full activation. Several factors, such as caspase activated DNase (CAD) and apoptosis inducing factor (AIF) etc., have indeed been reported to induce chromatin condensation 35) .
Hakem et al observed that embryonic stem cells and embryonic fibroblast cells from caspase-9 knockout mice were resistant to several apoptotic stimuli including UV and γ-radiation, while thymocytes were sensitive to UVC, but not to γ-rays 36) . Therefore, caspase-9 is required for γ-ray-but not for UV-induced apoptosis in thymocytes. Partial dependency of UVC-induced apoptosis in A431 cells on caspase-9 reported here (Fig. 5) suggests its similarity to UV-induced apoptosis in thymocytes.
